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ABSTRACT 
Cav i t a t i on  has  been i n v e s t i g a t e d  i n  d i -  
r e c t i o n a l  c o n t r o l  valves i n  o rde r  t o  i d e n t i f y  
damage mechanisms c h a r a c t e r i s t i c  of components 
of a i r c r a f t  hyd rau l i c  systems. Tes t s  have 
been conducted i n  a  r e p r e s e n t a t i v e  metal spool  
valve and i n  a  model t h r e e  times l a r g e r .  Data 
taken under non-cavi ta t ing  condi t ions  wi th  
both valves showed t h a t  t h e  p o s i t i o n  of t h e  
h igh-ve loc i ty  annu la r  j e t  s h i f t s  o r i e n t a t i o n  
depending upon va lve  opening and Reynolds num- 
ber .  By means of  high-frequency response 
p re s su re  t r ansduce r s  s t r a t e g i c a l l y  placed i n  
t h e  va lve  chamber c a v i t a t i o n  could be sensed 
by t h e  c o r r e l a t i o n  of no i se  wi th  a  c a v i t a t i o n  
index. The onse t  of  c a v i t a t i o n  can be  detec-  
t e d  by comparing energy s p e c t r a  f o r  a  f i xed  
valve opening and a  cons t an t  discharge.  An- 
o t h e r  s e n s i t i v e  i n d i c a t o r  of  c a v i t a t i o n  incep- 
t i o n  i s  t h e  r a t i o  of c a v i t a t i n g  t o  non-cavita- 
t i n g  s p e c t r a l  d e n s i t i e s .  The i n c i p i e n t  cavi-  
t a t i o n  number a s  def ined  i n  t h i s  i n v e s t i g a t i o n  
i s  c o r r e l a t e d  wi th  t h e  Reynolds number f o r  
both va lves .  
NOMENCLATURE 
A 
Ac 
a  
= a r e a  of annular  o r i f i c e  
= a r e a  of vena con t r ac t a  
= a c o u s t i c  v e l o c i t y  
= c o e f f i c i e n t s  
= c o e f f i c i e n t  of con t r ac t ion  
= c o e f f i c i e n t  of d i scharge  
= r a d i a l  d i s t a n c e  between spool  
and w a l l  
= spool  diameter  
= r a d i a l  d i s t ance  between spool  
neck and va lve  body 
= r a d i a l  e c c e n t r i c i t y  between 
spool  and va lve  body 
= frequency 
= c o e f f i c i e n t  
= a x i a l  d i s t a n c e  along j e t  
= pres su re  
= f l u c t u a t i n g  p re s su re  
= pres su re  a t  t ransducer  PI 
= pres su re  a t  trarysducer P2 
= mean p re s su re  i n  chamber 
= load  (upstream) p re s su re  
= r e t u r n  (downstream) p re s su re  
= vapor p re s su re  
= Reynolds number 
= t ime 
= f l u c t u a t i n g  v e l o c i t y  on j e t  
c e n t e r l i n e  
= v e l o c i t y  i n  vena con t r ac t a  
= j e t  ve loc i ty  
= approach ve loc i ty  
= a x i a l  p o s i t i o n  of valve spool  
= acce l e r a t i on  of spool  
= width of frequency channel 
Ap = p~  - p~  = pressure  d i f f e r e n t i a l  across  
va lve  
1-1 = dynamic v i s c o s i t y  of l i q u i d  
v = kinematic  v i s c o s i t y  of  l i q u i d  
P = mass dens i ty  of l i q u i d  
a = pc-pv/Ap = c a v i t a t i o n  index 
INTRODUCTION 
Cav i t a t i on  i s  n o t  near ly  as  we l l  docu- 
mented i n  o i l  hyd rau l i c  systems a s  it i s  i n  
such water  hyd rau l i c  systems a s  pumps,  pro- 
p e l l e r s ,  hyd rau l i c  t u rb ines ,  and hydro fo i l s .  
I n  a i r c r a f t  hyd rau l i c  systems c a v i t a t i o n  most 
f r equen t ly  occurs  i n  system va lves ,  pumps, and 
a c t u a t o r s .  Large d i f f e r ences  i n  p re s su re  i s  a  
f r equen t  cause of small-scale  c a v i t a t i o n  i n  
chambers of four-way spool  va lves ,  while  high 
frequency motion of a  va lve-cont ro l led  actua-  
t o r  can l ead  t o  l a rge - sca l e  c a v i t a t i o n  i n  t h e  
cy l inde r .  Another source of c a v i t a t i o n  i n  
a i r c r a f t  hyd rau l i c  systems i s  t h e  improper 
f i l l i n g  of t h e  p i s t o n s  on an axial-pis tonpump. 
E i t h e r  dur ing  t r a n s i e n t  loading o r  under 
s t eady - s t a t e  ope ra t ion  c a v i t a t i o n  can occur i n  
t h e  r e t u r n  chamber of  d i r e c t i o n a l  c o n t r o l  
valves because of  t h e  l a r g e  p re s su re  drop 
ac ros s  t h e  o r i f i c e .  It i s  of  i n t e r e s t  t o  know 
t h e  p o t e n t i a l  c a v i t a t i o n  damage a s  we l l  a s  any 
e f f e c t  of c a v i t a t i o n  on system performance un- 
der bo th  s teady  and unsteady flow condi t ions .  
C r i t e r i a  should be e s t a b l i s h e d  f o r  t h e  onse t  
of c a v i t a t i o n ,  and damage mechanisms need be 
i d e n t i f i e d  once c a v i t a t i o n  i s  ex tens ive .  
The amount of  l i t e r a t u r e  on c a v i t a t i o n  i n  
o i l  hyd rau l i c  components i s  r a t h e r  spa r se .  
The major pub l i ca t i ons  i n  t h e  English language 
a r e  r e f e r r e d  t o  i n  t h e  book by McCloy and Mar- 
t i n  [ I ] .  There i s  a l s o  important  l i t e r a t u r e  
i n  German, p r i n c i p a l l y  from t h e  f l u i d  power 
group a t  t h e  Technical Univers i ty  of Aachen. 
Cav i t a t i on  was i nves t iga t ed  t o  a  l im i t ed  ex- 
t e n t  by MacLellan e t  a 1  [ 2 ]  i n  t h e i r  labora-  
t o r y  s tudy  i n  an enlarged two-dimensional 
model of  a  p i s ton- type  c o n t r o l  valve.  La t e r  
b u t  more complete work on c a v i t a t i o n  i n  spool  
va lves  was repor ted  by McCloy and Beck [ 31 , 
who e s t a b l i s h e d  c r i t e r i a  f o r  c a v i t a t i o n  
Fig. 1 Spool and cutaway of pro to type  va lve  
Fig. 2 Side view of model valve 
incept ion  i n  two va lves ,  both two dimensional ,  
one wi th  water  and t h e  o t h e r  wi th  o i l  a s  t h e  
t e s t  l i qu id .  Back6 andBenning [ 4 ] ,  Back6 and 
Riedel  [51, and Riedel  [ 6 ]  a l l  r e p o r t  on cavi- 
t a t i o n  i n  s h o r t  o r i f i c e s  using hydrau l i c  o i l .  
The e f f e c t  of  gas c o n t e z ~  and o r i f i c e  length  
on des inent  and i n c i p i e n t  c a v i t a t i o n  is re- 
por ted  by Lichtarowicz and Pearce [ 7 ] .  Flow 
p a t t e r n  changes under both non-cavi ta t ing  and 
c a v i t a t i n g  flow condi t ions  were documented by 
McCloy and Beck [ 8 1. 
An experimental  i n v e s t i g a t i o n  was under- 
taken t o  s tudy c a v i t a t i o n  damage mechanisms i n  
a i r c r a f t  hyd rau l i c  systems. The purpose of 
t h e  i n v e s t i g a t i o n  was t o  i d e n t i f y  mechanisms 
which l ead  t o  damage. A t e s t  f a c i l i t y  was de- 
s igned which allowed f o r  t h e  measurement of  
hyd rau l i c  parameters under both non-cavita- 
t i n g  and c a v i t a t i n g  condi t ions .  Diagnos t ic  
techniques were developed t o  d e t e c t  t h e  onse t  
and t h e  e x t e n t  of  c a v i t a t i o n .  Cav i t a t i on  in -  
cept ion ,  i ts  d e f i n i t i o n  and t h e  formation of 
c r i t e r i a ,  a r e  t h e  s u b j e c t  of t h i s  paper. 
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Fig.  3 Longi tudina l  s e c t i o n  of model valve 
Cav i t a t i on  has been i n v e s t i g a t e d  i n  d i -  
r e c t i o n a l  c o n t r o l  va lves  i n  o rde r  t o  i d e n t i f y  
damage mechanisms c h a r a c t e r i s t i c  o f  components 
of a i r c r a f t  hyd rau l i c  systems. Tes t s  have 
been conducted i n  both a  metal pro to type  valve 
and a  p l e x i g l a s s  model t h r e e  t imes i t s  s i z e .  
A common t e s t  f a c i l i t y  was designed t h a t  a l -  
lowed f o r  c o n t r o l  of  f low, upstream p re s su re ,  
downstream p re s su re ,  d i sso lved  gas con ten t ,  
and spool  p o s i t i o n .  In  o rde r  t o  f a c i l i t a t e  
t h e  continuous pos i t i on ing  of t h e  spool  a s  
w e l l  a s  t h e  mounting of ins t rumenta t ion  on t h e  
spool  i t s e l f ,  a  s imple i n d u s t r i a l  four-way 
lever-operated spool  va lve  was chosen a s  t h e  
prototype.  A cutaway of t h i s  va lve ,  which has 
a  spool  diameter of 19.05 mm (0.75 i n ) ,  is  
shown i n  P ig .  1. Tn o rde r  t o  maximize t h e  
pressure  d i f f e r e n t i a l  across  t h e  va lve ,  only 
one h a l f  o f  t h e  va lve  was used, r e s u l t i n g  i n  
e f f e c t  a  two-way valve.  
A photograph of t h e  p l e x i g l a s s  model, 
which had a  spool  diameter  of 57.2 mm (2.25 
i n )  i s  shown i n  Fig.  2 .  The s i z e  of t h e  valve 
chamber, l ands ,  and p o r t s  of t h e  model va lve  
were s c a l e d  up from t h e  metal  pro to type  valve.  
Fig.  3 is  a  l o n g i t u d i n a l  view of t h e  body of 
t h e  model valve.  The opening of  t h e  annular  
space could be  c o n t r o l l e d  by t h e  mechanism a t -  
tached t o  t h e  end of  t h e  spool .  A s i m i l a r  
mechanism was i n s t a l l e d  on t h e  end of t h e  pro- 
to type  valve.  The supply and r e t u r n  p o r t s  i n  
t h e  v i c i n i t y  of  t h e  model spool  were made t o  
s c a l e  wi th  t h e  pro to type  valve.  
The common hydrau l i c  t e s t  loop  cons i s t ed  
of a  75-hp a x i a l  p i s t o n  pump wi th  a  p re s su re  
r e g u l a t o r ,  a  h igh  p re s su re  supply l i n e ,  a  flow 
meter ,  a  bypass system, t h e  p a r t i c u l a r  t e s t  
va lve  and i t s  ins t rumenta t ion ,  downstream 
va lves  f o r  back p re s su re  c o n t r o l ,  and 
a  low p r e s s u r e  r e t u r n  l i n e  t o  t h e  pump. The 
pump had a  maximum f low c a p a c i t y  o f  0  -0025 crns 
(40 gpm) and a  maximum supp ly  p r e s s u r e  of  
34.5 MPa (5000 p s i ) .  Most d a t a  were t a k e n  
w i t h  s u p p l y  p r e s s u r e s  l e s s  t h a n  18.6 MPa (2700 
p s i )  and flow r a t e s  less t h a n  0.00189 crns (30 
gpm). The supp ly  p r e s s u r e  t o  t h e  model was 
always m a i n t a i n e d  l e s s  t h a n  3.45 MPa (500 p s i ) .  
A h i g h  p r e s s u r e  f i l t e r  w i t h  an a b s o l u t e  
r a t i n g  o f  3um was i n  con t inuous  u s e  f o r  con- 
t r o l  o f  con taminan t s .  
An a u x i l i a r y  sys tem c o n s i s t i n g  o f  a  va- 
cuum t a n k ,  t u b i n g  and v a l v e s ,  and a  rubber  bag 
s t o r a g e  r e s e r v o i r  was used t o  degas t h e  o i l .  
O i l  was pumped from t h e  c l o s e d  bag  th rough  a  
n o z z l e  on t o p  o f  t h e  vacuum tank  and a l lowed  
t o  f i l m  down t h e  s i d e s  o f  t h e  t a n k .  The d i s -  
s o l v e d  a i r  c o n t e n t  was moni to red  by u s e  of  an 
Aerometer,  a  ~ o m m e r c i a l  d e v i c e  s i m i l a r  t o  a  
Van S lyke  a p p a r a t u s ,  which u s e s  a  f i l m i n g  
t e c h n i q u e  t o  remove t h e  g a s .  At room tempera- 
t u r e  and a tmospher ic  p r e s s u r e  t h e  d i s s o l v e d  
gas  c o n t e n t  o f  . the  o i l  employed i n  t h i s  inves -  
t i g a t i o n  v a r i e d  between 9 .5  and 10 p e r c e n t  by 
volume. The minimum v a l u e  ach ieved  a f t e r  
s e v e r a l  h o u r s  o f  d e g a s s i n g  was 4  p e r c e n t .  
For  t h e  e n t i r e  i n v e s t i g a t i o n  a  petroleum- 
based  h y d r a u l i c  o i l  (MIL 5606C) was employed 
a s  t h e  t e s t  l i q u i d .  A b r i e f  l i s t i n g  of  some 
of  t h e  p e r t i n e n t  c h a r a c t e r i s t i c s  o f  t h i s  par-  
t i c u l a r  o i l  a r e :  
Temperature S p e c i f i c  V i s c o s i t y  Vapor P r e s s u r e  
9%) d r a v i  ty (CS) - (m& Hg a b s )  
2  0  0.872 29.5 11.6 
40 0.857 16.8  25.0 
INSTRUMENTATION 
Flow Rate  And Temperature 
For  t h e  s t e a d y  flow r e s u l t s  r e p o r t e d  
h e r e  mean flow r a t e s  and p r e s s u r e s  were  mea- 
s u r e d  t o  c h a r a c t e r i z e  t h e  test  c o n d i t i o n s ,  
w h i l e  dynamic p r e s s u r e s  and a c c e l e r a t i o n  were  
moni tored t o  a s s e s s  t h e  o n s e t  and e x t e n t  o f  
c a v i t a t i o n .  For  b o t h  t e s t  v a l v e s  a  d r a g  t y p e  
flow m e t e r ,  Ramapo Model V-1-SB, was used t o  
measure t h e  flow r a t e .  T h i s  i n s t r u m e n t  con- 
s is ts  o f  a  c i r c u l a r  t a r g e t  mounted on t h e  end 
of  a  c a n t i l e v e r  beam, which h a s  s t r a i n  gages  
a t t a c h e d  t o  it. T a r g e t s  w i t h  ranges  of  1-10 
gpm and 4-40 gpm were  i n s t a l l e d ,  depending 
upon t h e  s e n s i t i v i t y  d e s i r e d .  A 5 - v o l t  DC 
power supp ly  was employed f o r  e x c i t a t i o n .  The 
o u t p u t  s i g n a l  was t h e n  a m p l i f i e d  by means o f  
a  Neff Model 122-222 a m p l i f i e r .  Each t a r g e t  
was c a l i b r a t e d  i n  p l a c e  g r a v i m e t r i c a l l y .  An 
Edison r e s i s t a n c e  t empera tu re  d e t e c t o r  and a  
Fluke Model 8000A mul t imete r  were used t o  
moni tor  t h e  o i  1 t e m p e r a t u r e  immediate ly  up- 
s t r e a m  o f  t h e  test  v a l v e  i n  q u e s t i o n .  
Valve P o s i t i o n  
An a c c u r a t e  d e t e r m i n a t i o n  o f  t h e  p o s i t i o n  
o f  t h e  s p e c i f i c  v a l v e  was e s s e n t i a l  because  
of  t h e  r e l a t i v e  s m a l l  openings  i n  p r a c t i c e .  
For  each v a l v e  a  l i n e a r  v a r i a b l e  d i sp lacement  
t r a n s d u c e r  (LVDT) was used t o  measure t h e  
r e l a t i v e  p o s i t i o n  x  o f  t h e  s p o o l .  Each LVDT, 
which was e x c i t e d  by a  6 - v o l t  DC s u p p l y ,  was 
c a l i b r a t e d  by means o f  a c c u r a t e  d i a l  gages and 
a  s e n s i t i v e  v o l t m e t e r .  
Mean P r e s s u r e s  
P r e s s u r e  t r a n s d u c e r s  were used t o  measure 
mean upstream ( load--pL) ,  d i f f e r e n t i a l  (Ap) ,  
chamber ( p c ) ,  and downstream (re turn--pR) 
p r e s s u r e s .  F i g .  3  shows t h e  I o c a t i o n  of  t h e  
p r e s s u r e  t a p s  f o r  t h e  model va lve .  I n  t h i s  
c a s e  t h e  d i f f e r e n t i a l  p r e s s u r e  i s  d e f i n e d  by 
p~  - p ~ .  For  t h e  model t h e  l o a d  p r e s s u r e  p~  
was n o t  measured d i r e c t l y .  
The l o a d ,  r e t u r n ,  and d i f f e r e n t i a l  p r e s -  
s u r e  were measured by e i t h e r  Senso tec  Model A5 
s t r a i n - g a g e  o r  Pace Models KP15 o r  P3D v a r i -  
a b l e  r e l u c t a n c e  diaphragm p r e s s u r e  t r a n s d u c e r s .  
The mean chamber p r e s s u r e  pc f o r  each v a l v e  
was sensed  by K u l i t e  Model XTMS semiconductor  
p r e s s u r e  t r a n s d u c e r s .  A s  shown i n  F i g .  3 
t r a n s d u c e r  PC i s  l o c a t e d  e x a c t l y  i n  t h e  midd le  
of  t h e  model chamber. For  t h e  p r o t o t y p e  v a l v e  
t h e  chamber t r a n s d u c e r  i s  l o c a t e d  somewhat 
downstream of t h e  c e n t e r  of t h e  p o r t .  
For  a l l  mean p r e s s u r e  t r a n s d u c e r s  t h e  
power supp ly  and s i g n a l  c o n d i t i o n i n g  were f u r -  
n i s h e d  by Hewlett-Packard Model 8805A c a r r i e r  
a m p l i f i e r s ,  which p rov ided  an e x c i t a t i o n  f r e -  
quency of  2400 Hz. Each t r a n s d u c e r  and ampli -  
f i e r  assembly was c a l i b r a t e d  by means o f  a  
dead weigh t  t e s t e r .  
Dynamic P r e s s u r e s  
F l u c t u a t i n g  p r e s s u r e s  i n  t h e  chamber o f  
each v a l v e  were measured f o r  t h e  d e t e c t i o n  o f  
c a v i t a t i o n  by high-frequency response  p iezo-  
e l e c t r i c  p r e s s u r e  t r a n s d u c e r s ,  PCB Model 105 
A12. These t r a n s d u c e r s  were f l u s h  mounted i n  
t h e  chamber o f  each  v a l v e ,  a s  shown i n  F i g .  3  
f o r  t h e  model v a l v e .  The d iamete r  of  t h e  
s e n s i n g  s u r f a c e  is 2.51 mm (0.099 i n ) .  The 
t r a n s d u c e r s  had a  r e s o n a n t  f requency i n  a i r  of  
250 kHz and a  nominal s e n s i t i v i t y  o f  5  mV/psi. 
The l a r g e r  s i z e  model a l lowed f o r  t h e  i n -  
s t a l l a t i o n  of  two PCB t r a n s d u c e r s ,  r e f e r r e d  t o  
a s  PI and P2 on F i g .  3. The s i n g l e  p i e z o e l e c -  
t r i c  t r a n s d u c e r  i n  t h e  p r o t o t y p e  v a l v e  chamber 
i s  c a l l e d  P1. Th i s  t r a n s d u c e r  i s  l o c a t e d  
somewhat downstream of  t h e  middle  of  t h e  cham- 
b e r .  
Accelerometer  
For  t h e  expec ted  d e t e c t i o n  of mechanical  
e f f e c t s  i n  t h e  s p o o l  r e l a t e d  t o  c a v i t a t i o n  a  
high-frequency response  q u a r t z  acce le romete r  
was mounted on t h e  end of t h e  s p o o l  of t h e  
p r o t o t y p e  v a l v e .  The m i n i a t u r e  a c c e l e r o m e t e r  
i s  a  MB Model 306 w i t h  an undamped n a t u r a l  
f requency o f  120 kHz and a  s e n s i t i v i t y  of  7.64 
mv/9. 
DATA ACQUISITION SYSTEM 
The d a t a  a c q u i s i t i o n  system used t o  sam- 
p l e  t h e  s o - c a l l e d  mean s i g n a l s  w i l l  be de- 
s c r i b e d  w i t h  r e f e r e n c e  t o  F i g .  4 .  The t e s t  
v a l v e  shown i n  t h e  i l l u s t r a t i o n  could e i t h e r  
b e  t h e  model o f  t h e  p r o t o t y p e  v a l v e .  F o r  t h e  
model v a l v e  t h e r e  was no measurement of l o a d  
p r e s s u r e  p ~ ,  n o r  any acce le romete r  s i g n a l  2 .  
On t h e  o t h e r  hand f o r  t h e  p r o t o t y p e  v a l v e  
u s u a l l y  o n l y  one p i e z o e l e c t r i c  p r e s s u r e  t r a n s -  
ducer  (P1) was used. 
Mean Q u a n t i t i e s  
The c e n t r a l  d e v i c e  r e q a r d i n q  t h e  c o l l e c -  
t i o n  of  mean q u a n t i t i e s  t o - c h a r a c t e r i z e  t h e  
Fig.  4 Data a c q u i s i t i o n  system 
flow condi t ions  i s  t h e  HP Model 9  825A Desktop 
Computer. This computer c o n t r o l l e d  t h e  HP 
Model 3495 Scanner and t h e  HP Model 3455 D i -  
g i t a l  Voltmeter,  both of which a r e  program- 
mable. The analog s i g n a l  from any of  t h e  s i x  
i n p u t  channels shown i n  Fig. 4 could be 
t r a n s f e r r e d  through t h e  mul t ip lexer  by t h e  
c o n t r o l l e r  t o  t h e  6-1/2 d i g i t  vo l tmeter ,  
which d i g i t i z e d  the  s i g n a l  and t r a n s f e r r e d  
t h e  da t a  t o  t he  computer. For a  given chan- 
n e l  twenty samples were averaged t o  o b t a i n  a  
mean value. The vol tages  were converted t o  
engineering u n i t s  by c a l i b r a t i o n  cons t an t s  
which were e i t h e r  i n p u t  i n t o  t h e  computer o r  
r e t r i e v e d  from memory. The r e s i s t a n c e  ou tpu t  
of t h e  Fluke multimeter was keyed i n t o  t h e  
computer f o r  t h e  computation of temperature.  
Once t h e  s i x  i npu t  channels were scanned and 
the  values computed, t h e  r e s u l t s  were t r ans -  
mi t ted  by an i n t e r f a c e  bus t o  a  T I  Model 735 
te rmina l ,  which was used a s  a  p r i n t e r .  For 
each flow r a t e  o r  t e s t  cond i t i on  a l l  of t h e  
nean q u a n t i t i e s  which were p r i n t e d  o u t  could 
be maintained i n  t h e  memory of t h e  computer, 
o r  discarded.  A t  t h e  completion of t h e  en- 
t i r e  t e s t  s e r i e s  t h e  d a t a  were then s t o r e d  on 
a  c a s s e t t e  tape of t h e  desktop computer f o r  
f u t u r e  r e t r i e v a l  and ana lys i s .  
The four-color  H P  Model 9872A D i g i t a l  
P l o t t e r ,  which could be c o n t r o l l e d  by t h e  
9825A Desktop Computer, was u t i l i z e d  f o r  t h e  
c o r r e l a t i o n  of da ta .  A s  mentioned l a t e r  t h e  
p l o t t e r  could a l s o  be c o n t r o l l e d  by t h e  HP 
5420A Signal  Analyzer f o r  t h e  p l o t t i n g  of 
energy spec t r a .  
Dynamic Q u a n t i t i z  
A s  i l l u s t r a t e d  on Fig.  4 t h e  dynamic 
q u a n t i t i e s  monitored i n  t h i s  i n v e s t i g a t i o n  
a r e  t he  f l u c t u a t i n g  p re s su re s  p l  and p2 and 
the  f l u c t u a t i n g  spool  a c c e l e r a t i o n  2. Any 
two of t he se  s i g n a l s  could be  s imultaneously 
i npu t  i n t o  t h e  HP 5420A D i g i t a l  S igna l  Ana- 
l y z e r ,  which i s  an a l l  d i g i t a l  ins t rument  
capable of providing both time and frequency 
domain ana lys i s  of complex analog s i g n a l s  i n  
t he  range of  DC t o  25.6 kHz. In  t h e  time do- 
main t he  ana lyzer  o f f e r s  such measurements a s  
time record averaging,  p r o b a b i l i t y  dens i ty  
Fig. 5  Def in i t i on  of va lve  and j e t  
c h a r a c t e r i s  t i c s  
func t ion ,  and au to  and c ros s  c o r r e l a t i o n  
func t ions .  The var ious  measurement t o o l s  
a v a i l a b l e  i n  t h e  frequency domain a r e  l i n e a r  
spectrum, au to  and c ros s  s p e c t r a ,  t r a n s f e r  
func t ion  and coherence func t ion .  The c a l i b r a -  
t i o n  cons t an t s  f o r  t h e  p a r t i c u l a r  instrument  
could be keyed i n t o  t h e  ana lyzer  f o r  d i r e c t  
c a l c u l a t i o n  and d i sp l ay  i n  t h e  app rop r i a t e  en- 
g inee r ing  u n i t s .  The frequency bandwidth 
could b e  chosen f o r  t h e  p a r t i c u l a r  appl ica-  
t i o n .  The ana lyzer  has t h e  c a p a b i l i t y  of i n -  
s t a n t  viewing of both channels  on a  CRT, and 
s to rage  of r e s u l t s  i f  d e s i r e d  on a  t ape  cas- 
s e t t e ,  a s  we l l  a s  being ab l e  t o  be con t ro l l ed  
by the  desktop computer. The u s e r  can prese-  
l e c t  t h e  type of time s e r i e s  a n a l y s i s  most 
conducive f o r  t h e  s p e c i f i c  s tudy  -- e i t h e r  
s i n u s o i d a l ,  random, o r  t r a n s i e n t .  The r e s u l t s  
could be p l o t t e d  on t h e  p l o t t e r  shown i n  Fig.  
4 .  
Only au to  power s p e c t r a  of t h e  p re s su re  
t ransducer  and accelerometer  s i g n a l s  a r e  re-  
por ted  here  a s  they proved t o  be t h e  most 
meaningfu lwi thregard  t o t h e  d e t e c t i o n  of cavi-  
t a t i o n .  A l l  d a t a  r epo r t ed  were c o l l e c t e d  wi th  
t h e  maximum frequency bandwidth a v a i l a b l e  -- 
0  t o  25.6 kHz. 
VALVE CHARACTERISTICS 
The mean flow c h a r a c t e r i s t i c s  of each 
va lve  were determined by d i r e c t  measurement 
before  embarking upon t h e  main c a v i t a t i o n  
s tudy .  I t  was e s s e n t i a l  t o  know accu ra t e ly  
t h e  value of t h e  d ischarge  c o e f f i c i e n t  of  t h e  
valve i n  ques t ion  because of t h e  d i f f i c u l t y  i n  
measuring t h e  valve opening wi th  t h e  des i r ed  
p rec i s ion .  Once t h e  va lue  of  t h e  d ischarge  
c o e f f i c i e n t  was known f o r  t h e  p a r t i c u l a r  t e s t  
condi t ions  t h e  va lve  opening could then be 
c a l c u l a t e d  from t h e  known flow r a t e  and pres-  
s u r e  d i f f e r ence  across  t h e  va lve ,  both of  
which could be measured q u i t e  accu ra t e ly .  
Free s t r eaml ine  theory i s  app l i ed  t o  t h e  
annular  j e t  i s s u i n g  from t h e  o r i f i c e  shown i n  
Fig.  5. Assuming i n v i s c i d  flow from t h e  ap- 
proach reg ion  
2  v 2 
vo p - - - + p  =E  
2 L 2  'PC (1) 
i n  which p is  t h e  f l u i d  d e n s i t y ,  Vo i s  t h e  ap- 
proach v e l o c i t y ,  and Vc i s  t h e  j e t  v e l o c i t y  i n  
t he  vena con t r ac t a .  For t h e  t e s t  program con- 
s ide red  he re  t h e  opening b  i s  much l e s s  than  
t h e  annular  dimension d,  r e s u l t i n g  i n  
where Ap = p~ - p ~ ,  t h e  nominal p re s su re  d i f -  
fe rence  measured by t h e  d i f f e r e n t i a l  p r e s su re  
t ransducer .  The volumetr ic  flow r a t e  through 
the  va lve  
i n  which A, i s  t h e  a r e a  of t h e  con t r ac t ed  j e t ,  
which is  usua l ly  def ined  i n  terms of t h e  a r ea  
of t h e  annular  o r i f i c e ,  o r  
i n  which Cc i s  t h e  c o n t r a c t i o n  c o e f f i c i e n t  and 
D i s  t h e  diameter  of  t h e  spool .  The r e s u l t i n g  
r e l a t i o n s h i p  f o r  t he  flow r a t e  i s  
i n  which C c  i s  t h e  d ischarge  c o e f f i c i e n t ,  
which i n  t h e  ca se  f o r  which b < < d ,  is  equal  t o  
Cc. The above equat ion  sugges ts  a  l i n e a r  re -  
l a t i o n s h i p  between Q and b.  
Because of t h e  r e l a t i v e l y  smal l  values of 
b  employed i n  t h i s  s tudy  and t h e  i nhe ren t  d i f -  
f i c u l t y  i n  main ta in ing  t h e  des i r ed  accuracy i n  
t h e  measurement of b  d i r e c t l y  f o r  a  f i xed  
opening, t e s t s  were i n s t e a d  conducted by 
varying b  whi le  hold ing  Ap cons tan t .  In  t h i s  
i n s t ance  t h e  c o e f f i c i e n t  of d i scharge  could 
be computed from 
i n  which x  i s  t h e  a x i a l  p o s i t i o n  of t h e  spool ,  
a s  measured by t h e  LVDT. Tes t s  conducted a t  
a  cons t an t  Ap and varying x  y i e lded  a  l i n e a r  
r e l a t i o n s h i p  between Q and x ,  a l lowing f o r  t h e  
de termina t ion  of Cd from t h e  s lope  of t h e  
curve. 
I n  gene ra l  it would be  expected t h a t  Cd 
would be a  func t ion  of t h e  Reynolds number and 
a  c a v i t a t i o n  index. For s i m p l i c i t y  t h e  Rey- 
nolds number is  def ined  on t h e  b a s i s  of t h e  
average v e l o c i t y  a t  t h e  annular  opening in-  
s t e a d  of i n  terms of  Vc a t  t he -vena  con t r ac t a .  
The length  dimension chosen i n  t h e  d e f i n i t i o n  
i s  b ,  y i e l d i n g  
= P (Q/A)b - Q 
l' TDV (7 1 
i n  which 1.1 and v a r e  t h e  dynamic and kinematic  
v i s c o s i t i e s  of  t h e  l i q u i d ,  r e spec t ive ly .  For 
a  given temperature Eq. 7  sugges ts  t h a t  t h e  
Reynolds number i s  independent of t h e  valve 
opening b  a t  a  cons t an t  discharge.  
The c a v i t a t i o n  index i s  normally def ined  
a s  t h e  r a t i o  of a  re ference  pressure  minus t h e  
vapor p re s su re  of t h e  l i q u i d  t o  a  dynamic 
p re s su re ,  t h e  l a t t e r  of which is referenced t o  
t h e  approach v e l o c i t y  Vo. A more appropr ia te  
dynamic p re s su re  f o r  t h e  spool  valve would b e  
t h a t  based on t h e  j e t  ve loc i ty  V. which i s  n o t  7 
measured d i r e c t l y ,  b u t  i n s t ead  d l r e c t l y  r e -  
l a t e d  t o  Ap. The c a v i t a t i o n  number i s  def ined  
a s  
In  genera l  i t  would be expected t h a t  t h e  
d ischarge  c o e f f i c i e n t  would depend upon both 
R and a ,  o r  
Extensive t e s t i n g  over  a  range of R from 150 
t o  1500 under non-cavi ta t ing  condi t ions  
showed t h a t  Cd was independent of viscous e f -  
f e c t s ,  y i e l d i n g  an average value of Cd equal  
t o  0.68 f o r  t h e  pro to type  valve,  and 0.66 f o r  
t h e  model valve.  These values correspond 
c l o s e l y  t o  t h e  t h e o r e t i c a l  value of 0.677 c a l -  
cu l a t ed  by von Mises using two-dimensional i n -  
v i s c i d  theory.  A summary of t h e  theory i s  r e -  
por ted  by Robertson 191. Experimental r e s u l t s  
publ i shed  by Beck and McCloy [ 3 1  show a  s i m i -  
l a r  t r end .  Apparently t h e  Reynolds number de- 
f i ned  by Eq. 7  must be l e s s  than approximately 
100 be fo re  viscous e f f e c t s  commence t o  i n f l u -  
ence t h e  mean flow c h a r a c t e r i s t i c s  of  t h e  
valve.  
A s  shown by a  number of researchers  i n  
t h e  s tudy  of  c a v i t a t i o n  i n  p ipe  o r i f i c e s ,  
c a v i t a t i o n  has t o  become q u i t e  ex tens ive  be- 
f o r e  t h e r e  i s  any e f f e c t  on Cd. For t h e  non- 
c a v i t a t i n g  and moderate c a v i t a t i o n  repor ted  
i n  t h i s  paper it  w i l l  s u f f i c e  t o  use t h e  con- 
s t a n t  va lues  of 0.68 and 0.66 i n  any ca lcu la-  
t i o n s  of b  from Eq. 5.  
TEST PROCEEURE 
Once t h e  mean flow c h a r a c t e r i s t i c s  o f  
each va lve  were determined a  t e s t  program was 
i n i t i a t e d  t o  a s se s s  both c a v i t a t i o n  incep t ion  
and developed c a v i t a t i o n .  The p r i n c i p a l  in -  
s t ruments  used i n  d e t e c t i n g  and def in ing  
c a v i t a t i o n  were t h e  two t ransducers  PI and P2 
f o r  t h e  model va lve  and t ransducer  P1 and t h e  
accelerometer  f o r  t h e  pro to type  valve. Most 
of t h e  i nd iv idua l  t e s t s  were conducted f o r  a  
cons tan t  d i scharge  Q wi th  t h e  spool  locked i n  
a  f i xed  p o s i t i o n  x. Cav i t a t i on  a t  var ious  
degrees could be  e s t a b l i s h e d  by c o n t r o l l i n g  
both  t h e  upstream pressure  r e g u l a t o r  and t h e  
downstream b a l l  and needle va lves .  Once t h e  
mean q u a n t i t i e s  a s  i nd i ca t ed  by t h e  desktop 
computer corresponded t o  t h e  des i r ed  flow, 
valve p o s i t i o n ,  and back p re s su re ,  t h e  dynamic 
s i g n a l s  were fed  i n t o  t h e  s i g n a l  analyzer .  
Although occas iona l ly  t h e  c ros s  spectrum 
and coherence between P i  and P2 f o r  t h e  model 
o r  PI and x f o r  t h e  pro to type  va lve  were 
measured, t h e  most f requent  and u s e f u l  mea- 
surements were t h e  au to  power s p e c t r a  f o r  t h e  
two channels .  The frequency r e s o l u t i o n  o r  Af 
f o r  t he  ana ly s i s  was 1/256 of t h e  bandwidth, 
o r  100 Hz. By choosing t h e  random op t ion  t h e  
s i g n a l s  were analyzed us ing  a  modified Han- 
ning-type window. The power s p e c t r a l  dens i t y  
func t ion  f o r  t he  au to  s p e c t r a  w i l l  b e  i n  u n i t s  
of P / h f  f o r  t he  p r e s su re  t r ansduce r s  and 
[ d2x' /dt2]5/nf  f o r  t h e  accelerometer .  By 
means of  cursors  t he  t o t a l  energy ove r  any 
frequency range could be qu ick ly  e x t r a c t e d  
from the  ana lyzer ,  f a c i l i t a t i n g  t h e  rea l - t ime  
a n a l y s i s  and t he  es tab l i shment  of  c r i t e r i a  f o r  
c a v i t a t i o n  incept ion .  
NON-CAVITATING SPECTRA 
P r i o r  t o  t h e  es tab l i shment  of c r i t e r i a  
f o r  t he  i ncep t ion  of c a v i t a t i o n  t h e  l e v e l  of 
f l u c t u a t i o n s  of p r e s su re  and a c c e l e r a t i o n  had 
t o  be understood f o r  non-cavi ta t ing  flow i n  
each valve.  Extensive t e s t i n g  was conducted 
t o  c o r r e l a t e  energy l e v e l s  o f  p r e s su re  f l uc -  
t u a t i o n s  wi th  flow r a t e  and va lve  opening. 
Care was taken t o  i n s u r e  t h a t  t h e  chamber 
p r e s su re  pc was l a r g e  enough t o  i n h i b i t  any 
c a v i t a t i o n .  This was accomplished by monitor- 
i ng  t he  t o t a l  mean-square energy ove r  t h e  en- 
t i r e  s p e c t r a  f o r  var ious  va lues  of a. I t  was 
found t h a t ,  f o r  a  cons t an t  d i scharge  Q and 
va lve  opening b ,  t he  t o t a l  energy d i d  n o t  
vary i f  a was above a  c e r t a i n  t h r e sho ld  va lue ,  
t o  be d i scussed  l a t e r .  The tests under non- 
c a v i t a t i n g  condi t ions  were a l s o  of va lue  i n  
observing changes i n  t h e  j e t  flow p a t t e r n  f o r  
d i f f e r e n t  condi t ions .  
The p re s su re  t ransducers  PI and P2 i n  t he  
model and PI i n  t he  pro to type  chamber exper i -  
ence t he  a c o u s t i c a l  n o i s e  from t h e  confined 
j e t  i s s u i n g  from the  annular  o r i f i c e .  The 
f a c t  t h a t  t h e  d i scharge  c o e f f i c i e n t  i s  con- 
s t a n t  over  t h e  range of Reynolds numbers 
t e s t e d  would sugges t  a  t u r b u l e n t  j e t .  A s  
shown by XcCloy and Beck [%I  i n  t h e i r  s tudy  
of  j e t  h y s t e r e s i s  t he  j e t  can e i t h e r  r e a t t a c h  
on t he  s u r f a c e  of t h e  spool  o r  on t h e  w a l l  of 
t h e  p o r t ,  o r  i s s u e  f r e e l y .  A s h i f t i n g  j e t  
p a t t e r n  was c l e a r l y  i n d i c a t e d  i n  t h e  model 
chamber by observing t he  energy l e v e l s  on t h e  
two t ransducers ,  which were l oca t ed  a t  t h e  
ex t r emi t i e s  of t h e  cav i t y .  
The dynamics of  an unconfined p l ane  j e t  
i s s u i n g  from a nozzle  a r e  f a i r l y  we l l  docu- 
mented, a l b e i t  a t  h igher  Reynolds numbers than  
experienced wi th  t h e  two va lves .  A s  exper i -  
mental ly  shown by Alber t son  e t  a 1  1101, and 
l a t e r  by Gutmark and ~ y g n a n s E  n l ]  , t h e  mean 
c e n t e r l i n e  v e l o c i t y  of  a  plane j e t  decreases  a s  
t h e  square r o o t  o f  t h e  r a t i o  of  t he  i n i t i a l  
j e t  diameter  t o  t he  a x i a l  d i s t ance .  I n  terms 
of t h e  d e f i n i t i o n  ske tch  on F ig .  5 
i n  which K is a cons t an t  f o r  p lane  j e t s  a t  
l a r g e  Reynolds number, and R i s  t h e  a x i a l  
d i s t ance  from t h e  nozz le ,  o r  from t h e  vena 
con t r ac t a  i n  t h e  case of an o r i f i c e .  For a 
F ig .  6 Non-cavi tat inq mean-square energy 
versus  d i scharge  f o r  p ro to type  va lve  
a t  a  f i x e d  opening 
P ig .  7 Non-cavi tat ing energy s p e c t r a  f o r  
p ro to type  va lve  a t  a  f i x e d  opening 
plane t u r b u l e n t  j e t  Gutmark and Wygnanski 1 1 1 1  
found t h a t  t h e  r . m . s .  va lue  of t h e  f l u c t u a t i n g  
v e l o c i t y  u& on t h e  c e n t e r l i n e  of the jet was 
a  cons t an t  when normalized wi th  V o r  j  ' 
Reethof [12] s t a t e s  t h a t  a  f l u c t u a t i n g  
mass flow r a t e  w i th  in-phase p r e s su re  
f l u c t u a t i o n s  would cor respond  t o  a  monopole 
Source,  f o r  which t h e  r . m , s .  ene rgy  o f  f l u c -  
t u a t i n g  p r e s s u r e  i n  t h i s  c a s e  i s  assumed t o  
be  c o r r e l a t e d  by 
i n  which B l  i s  a  d imens ion less  c o e f f i c i e n t  
which would depend upon t r a n s d u c e r  l o c a t i o n ,  
Reynolds number, e t c .  I f  i n s t e a d  t h e  f l u c -  
t u a t i o n s  emanate from d i p o l e  s o u r c e s  -- which 
may b e  r e l a t e d  d i r e c t l y  t o  f l u c t u a t i n g  p r e s -  
s u r e s  
i n  which a  i s  t h e  a c o u s t i c  v e l o c i t y .  For  a  
monopole s o u r c e  Eq. 12 a l o n g  w i t h  t h e  j e t  r e -  
l a t i o n s h i p s  ( 3 ,  4 ,  1 0 )  y i e l d  t h e  mean-square 
energy  
I n  t h e  c a s e  o f  d i p o l e  s o u r c e s  
A l l  n o n - c a v i t a t i n g  s p e c t r a  measured by 
t r a n s d u c e r  P1 i n  t h e  chamber o f  t h e  p r o t o t y p e  
v a l v e  i n d i c a t e  t h a t  t h e  mean-square energy can  
be c o r r e l a t e d  i n  terms o f  a  d i p o l e ,  o r  f l u c -  
t u a t i n g  p r e s s u r e ,  s o u r c e .  The mean-square 
e n e r g i e s  measured w i t h  t h i s  t r a n s d u c e r  cor -  
r e l a t e  w e l l  w i t h  Q ~ ,  a s  shown by t h e  two d a t a  
s e t s  i n  F i g .  6 .  The d a t a  shown i n  F i g .  6 
were t aken  a t  v i r t u a l l y  t h e  same opening b ,  
b u t  q u i t e  d i f f e r e n t  Reynolds numbers. I f  R 
i s  assumed t o  b e  f i x e d  and t o  cor respond  t o  
t h e  d i s t a n c e  from t h e  o r i f i c e  opening t o  
t r a n s d u c e r  PI,  t h e n  Eq. 15  c a n  b e  reduced t o  
a s  a ,  Dl and b a r e  v i r t u a l l y  c o n s t a n t .  A l -  
though t h e r e  i s  a  Reynolds number v a r i a t i o n  
f o r  each d a t a  s e t  t h e  c o e f f i c i e n t  B3 appears  
t o  be  a  c o n s t a n t  f o r  each .  Energy s p e c t r a  
f o r  two of  t h e  d a t a  p o i n t s  p l o t t e d  on F i g .  6  
a r e  p r e s e n t e d  i n  F i g .  7. The s l o p e  o f  each 
curve  can b e  approximated by -1 f o r  t h e  lower 
f requency range  and - 2  f o r  t h e  h i g h e r  f r e -  
quenc ies .  A s  demonstra ted by Lush 1131 a  d i -  
p o l e  s o u r c e  w i l l  produce energy  s p e c t r a  w i t h  
a  -1 s l o p e .  A s  most o f  t h e  energy i s  i n  t h e  
f i r s t  h a l f  o f  t h e  f requency range  shown i n  
F ig .  7 ,  t h e  d i p o l e  s o u r c e  domina tes ,  r e s u l t -  
i n g  i n  a  r e l a t i o n s h i p  r e p r e s e n t e d  by Eq. 15. 
An examinat ion o f  many n o n - c a v i t a t i n g  s p e c t r a  
shows t h a t ,  a s  t h e  f low r a t e  and hence j e t  
v e l o c i t y  V j  i s  i n c r e a s e d  f o r  a  f i x e d  opening 
b ,  t h e  e x t e n t  of t h e  spectrum cor responding  
t o  a  -1 s l o p e  i n c r e a s e s .  
The two p r e s s u r e  t r a n s d u c e r s  i n  t h e  
Fig .  8  Non-cav i ta t ing  mean-square energy 
v e r s u s  d i s c h a r g e  f o r  model v a l v e  a t  a  
va r i ab le  opening and constant  pressure 
d i f f e r e n c e  
F i g .  9 Non-cav i ta t ing  energy s p e c t r a  f o r  
model v a l v e  a t  two v a l u e s  o f  opening 
b  and c o n s t a n t  p r e s s u r e  d i f f e r e n c e  
model were l o c a t e d  such  t h a t  any s i g n i f i c a n t  
changes  i n  t h e  j e t  o r i e n t a t i o n  cou ld  be  no- 
t i c e d .  The n o n - c a v i t a t i n g  r e s u l t s  p r e s e n t e d  
h e r e  s u g g e s t  t h a t  t h e  j e t  d i d  f l i p  back and 
f o r t h ,  conf i rming  t h e  c o n c l u s i o n s  of  McCloy 
and Beck [81 t h a t  t h e  j e t  may r e a t t a c h  t o  
e i t h e r  t h e  s p o o l  s u r f a c e  o r  t h e  p o r t  w a l l ,  o r  
i s s u e  f r e e l y  a t  an a n g l e  depending upon t h e  
opening b  and any c l e a r a n c e  between t h e  s p o o l  
and t h e  v a l v e  body. 
The v a r i a t i o n  of  mean-square energy w i t h  
Fig .  10 Non-cav i ta t ing  mean-square energy 
v e r s u s  d i s c h a r g e  f o r  model v a l v e  a t  
a  f i x e d  opening 
F ig .  11 Non-cavi ta t ing energy  s p e c t r a  f o r  
model v a l v e  a t  a  f i x e d  opening 
f low r a t e  i s  shown i n  F ig .  8 f o r  v a r i o u s  
openings of t h e  model v a l v e .  The p r e s s u r e  
d i f f e r e n c e  Ap was main ta ined  c o n s t a n t  under 
n o n - c a v i t a t i n g  c o n d i t i o n s .  For  a  f r e e  j e t  f o r  
which Ap i s  a  c o n s t a n t  t h e  v e l o c i t y  a t  t h e  
vend c o n t r a c t a  Vc a s  g iven  by Eq. 2  should  
have been a  c o n s t a n t  f o r  a l l  o f  t h e  d a t a  shown 
i n  F i g .  8. According t o  Eq. 10 t h e  j e t  velo-  
c i t y  a t  some p o s i t i o n  L from t h e  vena con- 
tracts would i n c r e a s e  d i r e c t l y  w i t h  t h e  
square  r o o t  of t h e  opening b. The n e a r l y  con- 
s t a n t  o u t p u t  from t r a n s d u c e r  P1 o v e r  t h e  range  
of openings would i n d i c a t e  t h a t  t h e  j e t  was 
n o t  d i r e c t e d  toward PI. For  f lows less t h a n  
15.5 gpm t h e  j e t  i s  probably between PI and 
P2 because o f  t h e  r e l a t i v e l y  low energy l e v e l s .  
A s  shown by F ig .  8 and t h e  cor responding  
s p e c t r a  i n  F ig .  9 f o r  t r a n s d u c e r  P2 t h e r e  i s  
F i g .  12 Non-cav i ta t ing  mean-square energy 
v e r s u s  d i s c h a r g e  f o r  model v a l v e  a t  
a  f i x e d  opening 
F i g .  1 3  Non-cav i ta t ing  energy s p e c t r a  f o r  
model v a l v e  a t  a  f i x e d  opening 
an a p p a r e n t  s h i f t  i n  t h e  flow p a t t e r n  a s  t h e  
flow i n c r e a s e d  s l i g h t l y  from 15.5 t o  17.6 gpm. 
A s  t h e  v a l v e  is  opened f u r t h e r  t h e  energy 
l e v e l  s e n s e d  by P2 i n c r e a s e s  a s  t h e  s q u a r e  of 
t h e  f low,  s u g g e s t i n g  a  monopole s o u r c e  i n  ac- 
cordance w i t h  Eqs. 5  and 14 f o r  a  v a r i a b l e  
opening b .  I t  i s  s u s p e c t e d  t h a t  t h e  i n c r e a s e  
i n  energy i s  e i t h e r  due t o  d i r e c t  impingement 
o f  a  r e a t t a c h e d  j e t  o r  t h e  n e a r l y  d i r e c t  e f -  
f e c t  o f  a  f r e e  j e t .  The s l o p e  of t h e  energy 
s p e c t r a  a t  l o c a t i o n  P2 can b e  approximated by 
-2 o v e r  a  range of  f r e q u e n c i e s .  
Non-cav i ta t ing  d a t a  were c o l l e c t e d  w i t h  
Fig.  14 Mean-square energy versus  c a v i t a t i o n  
index f o r  pro to type  valve a t  a  f i xed  
opening and cons t an t  d i scharges  
Fig.  15 Mean-square energy versus c a v i t a t i o n  
index f o r  pro to type  valve a t  a  f i xed  
opening and Q = 11 gpm 
Fig .  16 Non-cavitating and c a v i t a t i n g  energy 
s p e c t r a  f o r  pro to type  valve a t  a  
f i x e d  opening and Q = 11 gpm 
CAVITATING SPECTRA 
I n  o rde r  t o  de f ine  and determine the con- 
d i t i o n  of c a v i t a t i o n  incep t ion ,  t e s t s  were con- 
ducted over  a  ranqe of va lues  of t h e  c a v i t a t i o n  
and 0.237 mm. For t he  sma i l e r  opening the  
p l o t  of mean-square energy versus  flow r a t e  
shown i n  Fig.  10 and energy s p e c t r a  f o r  two 
of t h e  h ighe r  flow r a t e s  p l o t t e d  i n  F ig .  11 
i n d i c a t e  t h a t  t h e  j e t  may have been f r e e ,  and 
furthermore d i r e c t e d  toward t ransducer  PI. 
A t  t h e  g r e a t e r  opening, however, t h e  t r ans -  
ducer P1 hard ly  experienced any change i n  
energy f l u c t u a t i o n s  a s  t h e  flow inc reased ,  a s  
shown i n  F igs .  12 and 13a. There i s  some in -  
d i c a t i o n  t h a t  t h e  s lope  of t h e  mean-square 
energy versus  flow r a t e  c o r r e l a t i o n  changes 
from a  d ipo le  source  ( 6  t o  1) t o  a  monopole 
source  ( 4  t o  1) a t  t h e  h igher  flow r a t e s .  
Por t ions  of t h e  jet- induced s p e c t r a  p l o t t e d  
i n  Fig.  13b can be  approximated by s lopes  of  
-1, and o t h e r s  by -2.  
The d i r e c t  e f f e c t  of p r e s su re  f l uc tua -  
t i o n s  from a  j e t  a r e  c l e a r l y  shown i n  F igs .  
9b, l l a ,  and 13b f o r  t h e  model, i n  c o n t r a s t  
t o  F igs .  9a and 13a, f o r  which t h e r e  i s  lit- 
t l e  t o  no jet e f f e c t ,  b u t  i n s t e a d  only  back- 
ground noise .  The e f f e c t  of  any s h i f t i n g  of 
t h e  j e t  i s  more ev iden t  i n  t h e  l a r g e r  model 
than i n  t h e  ~ r o t o t v ~ e  va lve  because of  t h e  
number 5 .  ~ e c a u s e  of t h e  s e n s i t i v i t y  of pres-  
t he  model va lve  f i xed  a t  openinqs of b = 0.108 sure fluctuations to chanses in iet velocitv, 
c a re  was taken t o  maintain t h e  volumetr ic  fiow 
Q cons t an t  and t o  hold  t h e  r e spec t ive  spool  a t  
a  f i xed  p o s i t i o n .  A s  shown by t h e  non-cavita- 
t i n g  energy s p e c t r a  s l i g h t  d i f f e r ences  i n  va lve  
opening b can l ead  t o  s i g n i f i c a n t  changes i n  
energy l e v e l s  i f  t h e r e  is a  d i r e c t  e f f e c t  of  
t h e  j e t .  On t h e  o t h e r  hand, however, c av i t a -  
t i o n  no i se  i n  t h e  model valve can be s e v e r a l  
o r d e r s  of magnitude g r e a t e r  than  t h a t  due t o  
a non-cavi ta t ing  jet. 
Prototype Valve 
The r e s u l t s  of varying 5 as b  and Q a r e  
maintained nea r ly  cons t an t  a r e  presented  i n  
Fig.  1 4  f o r  f i v e  flow r a t e s .  Although f o r  each 
flow r a t e  t h e r e  i s  a  sudden inc rease  i n  t h e  
f l u c t u a t i n g  energy measured by t h e  pressure  
t ransducer  P l  a s  t h e  chamber pressure  pc i s  
lowered, it i s  n o t  c l e a r  where c a v i t a t i o n  in-  
cept ion  occurs .  The d e f i n i t i o n  of i n c i p i e n t  
c a v i t a t i o n  is e s p e c i a l l y  d i f f i c u l t  with t h e  
pro to type  va lve  because of  t h e  r e l a t i v e l y  l a r g e  
j e t  energy under non-cavi ta t ing  condi t ions .  
I n  o rde r  t o  i l l u s t r a t e  t h i s  d i f f i c u l t y  t h e  d a t a  
s i z e  of the ~ i ezoe~~c t r i c  transducers r e l a t i v e  points f o r  Q = II gpm a r e  r e p l o t t e d  on ~ i ~ .  IS 
t o  t h e  l eng th  of  t h e  va lve  chamber. a t  a  d i f f e r e n t  s c a l e .  For re ference  each d a t a  
p o i n t  i s  given a  number, which a c t u a l l y  
Fig.  17 Rat io  of c a v i t a t i n g  t o  non-cavi ta t ing  
(ao = 0.647) s p e c t r a l  dens i ty  f o r  
prototype valve a t  a  f i xed  opening 
corresponds t o  a da t a  f i l e  on a  s t o r a g e  t ape .  
The d e f i n i t i o n  of  c a v i t a t i o n  incep t ion  would 
be very d i f f i c u l t  i f  n o t  impossible  on t h e  ba- 
sis  of mean-square energy, because of t h e  
sudden decrease i n  energy l e v e l  from t e s t  9 
t o  t e s t  15. I t  was discovered t h a t  an i n -  
spec t ion  of t he  r e spec t ive  energy s p e c t r a  f o r  
each t e s t  proved more r evea l ing  than t h e  t o t a l  
energy i n  t h e  e n t i r e  spectrum. In  Fig.  16a 
the  i nd iv idua l  s p e c t r a  f o r  t h e  seven po in t s  
f o r  which o > 0.6 a r e  superimposed, whi le  t h e  
s p e c t r a  f o r  po in t s  17,  19 and 21 a r e  p l o t t e d  
i n  Fig. 16b. The coincidence of  t h e  d a t a  on 
Fig. 16a sugges ts  only non-cavi ta t ing  j e t  
no lse .  Apparently few i f  no c a v i t a t i o n  
events  occurred f o r  a  = 0.614 (17)  , b u t  many 
were p re sen t  once t h e  c a v i t a t i o n  number was 
s l i g h t l y  reduced t o  0.591 (19 ) .  Due t o  t h e  
r e l a t i v e l y  high energy l e v e l s  a t  t h e  low f r e -  
quency end of t h e  spectrum r e s u l t i n g  from j e t  
no ise ,  small  increases  i n  t h e  s p e c t r a l  dens i ty  
a t  t he  h igher  f requencies  a s  a  r e s u l t  o f  l i m -  
i t e d  c a v i t a t i o n  does not  con t r ibu t e  much t o  
t h e  t o t a l  energy over  t h e  e n t i r e  spectrum. 
The parameter t o t a l  energy becomes more in-  
d i c a t i v e  of c a v i t a t i o n  l e v e l s  once c a v i t a t i o n  
becomes more ex tens ive .  
The s p e c t r a  i n  Fig.  16b i n d i c a t e  t h a t  
c a v i t a t i o n  noise  i s  r e s t r i c t e d  t o  t h e  h igher  
f requencies ,  b u t  extends over  a  wider band a s  
t h e  c a v i t a t i o n  number decreases.  Another mea- 
s u r e  of c a v i t a t i o n  no i se  i s  the  r a t i o  of t h e  
power s p e c t r a l  dens i ty  of  each frequency chan- 
n e l  Af under c a v i t a t i n g  condi t ions  t o  t h a t  
under non-cavi tat ing condi t ions .  Choosing 
t e s t  15 (a  = 0.647) a s  t h e  non-cavi ta t ing  r e f -  
erence va lue ,  t h e  r a t i o  of power s p e c t r a l  den- 
s i t i e s  a r e  p l o t t e d  i n  Fig. 17a f o r  t e s t  17 
(a  = 0.614) and t e s t  19 (a  = 0.591).  Addi- 
t i o n a l  r a t i o s  of t he  power s p e c t r a l  dens i ty  
a r e  presented i n  Fig. 17b f o r  lower va lues  of  
t h e  c a v i t a t i o n  index,  showing a  progress ive  
expansion of  t he  c a v i t a t i o n  no i se  t o  lower 
frequencies  a s  o i s  decreased. A s e n s i t i v e  
measure of t he  e x t e n t  of c a v i t a t i o n  no i se  is  
the  a r ea  under t h e  curve of t h e  r a t i o  of power 
s p e c t r a l  dens i ty  versus frequency, a s  shown on 
Fig. 18 f o r  Q = 12 gpm. S imi la r  c o r r e l a t i o n s  
occurred f o r  f i v e  o t h e r  flow r a t e s .  
Model Valve 
The v a r i a t i o n  of mean-square energy ver-  
sus  t he  c a v i t a t i o n  number is  shown on Fig.  19 
Fig. 18 Area under r a t i o  of c a v i t a t i n g  t o  non- 
c a v i t a t i n g  mean-square s p e c t r a l  den- 
s i t y  curve versus c a v i t a t i o n  index f o r  
pro to type  va lve  a t  a  f i x e d  opening 
f o r  two openings of t h e  model valve.  Se lec ted  
s p e c t r a  a r e  p l o t t e d  i n  F ig .  20 f o r  t h e  
smal le r  opening (Q = 10 gpm), and i n  F i g .  21 
f o r  t h e  l a r g e r  opening (Q = 20 gprn). 
For Q = 10 gpm t h e r e  is  only  a  l im i t ed  
e f f e c t  of t h e  j e t  under non-cavi ta t ing  condi- 
t i o n s ,  r e s u l t i n g  i n  r e l a t i v e l y  low energy lev-  
e l s  f o r  t h e  fou r  p a i r s  of da t a  f o r  P1 and P2 
p l o t t e d  on Fig .  19. Once a  was lowered t o  
0.269, however, t h e  no i se  increased  approxi- 
mately t e n f o l d  on both  t r ansduce r s .  In  con- 
t r a s t  t o  t h e  r e s u l t s  f o r  t h e  pro to type  va lve  
c a v i t a t i o n  no i se  i n  t h e  model va lve  i s  ev iden t  
over  a  wider band of  f requencies .  A f u r t h e r  
lowering of t h e  c a v i t a t i o n  number increased  
t h e  energy l e v e l  a t  l e a s t  another  order  of 
magnitude, a s  shown by Fig. 19. From a  =0.263 
t o  a  = 0.189 t h e  i nc rease  i n  no i se  i s  r a t h e r  
broadband, a t  l e a s t  from 2.5 kHz < f  < 25 kHz. 
Fig.  19 c l e a r l y  demonstrates t he  dramatic  sen- 
s i t i v i t y  of  t h e  f l u c t u a t i n g  p re s su re  t o  t h e  
onse t  of  c a v i t a t i o n  events .  
Pig. 19 Mean-square energy versus c a v i t a t i o n  
index f o r  model va lve  a t  two f ixed  
openings 
A t  t h e  g r e a t e r  va lve  opening t h e  j e t  has 
a  d i r e c t  e f f e c t  on t ransducer  P2, Fig.  21b, 
under both non-cavi ta t ing  and c a v i t a t i n g  con- 
d i t i o n s .  The energy l e v e l  measured by t r ans -  
ducer PI  under non-cavi ta t ing  condi t ions  
( 0  = 0.523 i n  F ig .  19)  i s  q u i f e  low compared 
t o  t h a t  i n d i c a t e d  by P2. Transducer P i  is 
much more s e n s i t i v e  t o  t h e  o n s e t  of cav i t a -  
t i o n ,  however, because of t h e  low background 
l e v e l  under no c a v i t a t i o n .  A s  t h e  c a v i t a t i o n  
index was lowered from 0.523 through incep- 
t i o n  t o  a  va lue  of 0 . 4 5 2  t h e  i nc rease  i n  
no i se  measured by t ransducer  PI was s i g n i f i -  
c an t ly  g r e a t e r  than  t h a t  sensed by t r ans -  
ducer P2. A s  t h e  c a v i t a t i o n  number was low- 
e r e d  f u r t h e r  t h e  no i se  a s  measured by t r ans -  
ducer PI continued t o  i nc rease  over  a  wide 
band. This i nc rease  was n o t  sensed by t r ans -  
ducer P2 a t  t h e  low f requencies  because of 
t h e  i n t e n s e  background no i se  of t h e  j e t ,  
which may have been d i r e c t e d  upon P2. 
Fig.  20 One non-cavi ta t ing  and two c a v i t a t i n g  
energy s p e c t r a  f o r  model valve a t  a  
f i xed  opening 
Fig.  21 One non-cavi ta t ing  and two c a v i t a t i n g  
energy s p e c t r a  f o r  model valve a t  a  
f i x e d  opening 
C A V I T A T I O N  I N C E P T I O N  
Attempts were made t o  formulate  a  c r i t e -  
r i o n  f o r  t h e  d e f i n i t i o n  of  i n c i p i e n t  cav i t a -  
t i o n .  Although t h e  model was made of t r ans -  
pa ren t  wa l l s  f o r  t h e  purpose of  v i s u a l i z a t i o n  
of t h e  formation and co l l apse  of  bubbles,  and 
t h e  bubbles could be c l e a r l y  seen as  t he  va lve  
was made t o  c a v i t a t e  somewhat ex t ens ive ly ,  t h e  
o n s e t  of  c a v i t a t i o n  was extremely d i f f i c u l t  t o  
d e f i n e  v i s u a l l y  because of  t h e  small  openings, 
high j e t  v e l o c i t i e s ,  and r e l a t i v e l y  small  bub- 
b l e s .  Af t e r  a  number of  somewhat unsuccessful  
a t tempts  t o  e s t a b l i s h  i n c i p i e n t  and des inent  
c a v i t a t i o n  v i s u a l l y ,  r e l i a n c e  w a s  placed upon 
t h e  p re s su re  t r ansduce r s  and t h e  accelerometer,  
a s  we l l  a s  a u r a l  sens ing  using a s tethoscope.  
The i d e n t i f i c a t i o n  of incept ion  was much 
e a s i e r  i n  t h e  model using t ransducer  P1 be- 
cause of  t h e  dramatic  change once c a v i t a t i o n  
commences. Because' of t h e  d i f f i c u l t y  of sepa- 
r a t i n g  j e t  no i se  from c a v i t a t i o n  noise  t h e  
c r i t e r i o n  f o r  i ncep t ion  used f o r  t h e  pro to type  
valve d i f f e r e d  s l i g h t l y  from t h a t  appl ied  t o  
t h e  model va lve ,  t h e  l a t t e r  of  which w i l l  be 
d iscussed  f i r s t .  
Model Valve 
Because o f  t h e  r e l a t i v e l y  low l e v e l s  of 
energy i n  t he  model under non lcav i t a t i ng  con- 
d i  t i o n s  , except  when the  j e t  was apparent ly  
d i r e c t e d  onto t ransducer  P2, i t  was not  d i f -  
f i c u l t  t o  observe t h e  occurrence of  a  few 
c a v i t a t i o n  events  by comparing c a v i t a t i n g  
wi th  non-cavi ta t ing  spec t r a .  The d a t a  were 
taken by maintaining a  cons t an t  flow wi th  t h e  
spool  locked i n  a  f i xed  p o s i t i o n .  The cavi-  
t a t i o n  number was reduced a s  t h e  p re s su re  d i f -  
fe rence  Ap, and consequently t h e  d ischarge  Q,  
was maintained cons tan t  a s  nea r ly  a s  poss ib le .  
For each va lue  of  u  t h e  dynamic s i g n a l  f o r  
t ransducer  P i  was processed and t h e  t o t a l  
f l u c t u a t i n g  energy noted. I t  was observed 
t h a t  t h i s  value hardly changed under non-cavi- 
t a t i n g  condi t ions .  Cav i t a t i on  incep t ion  was 
def ined  a t  t h e  condi t ion  f o r  which t h i s  nomi- 
n a l  value increased  by approximately 50 t o  100 
percent ,  which corresponded t o  only t h e  
s l i g h t e s t  change i n  t h e  c a v i t a t i o n  index.  
Usually a u r a l  sens ing  by means of  a  s t e tho -  
scope y i e lded  t h e  same va lue  of t h e  c r i t i c a l  
c a v i t a t i o n  number. The c a v i t a t i o n  number a t  
t h e  50 t o  100 percent  energy inc rease  is  de- 
f i ned  a s  t h e  i n c i p i e n t  c a v i t a t i o n  index a i r  
and i s  p l o t t e d  a s  a  func t ion  of t h e  Reynolds 
number i n  F ig .  22. The two s e t s  of d a t a  cor-  
respond t o  a  range of flow r a t e s  f o r  each 
va lue  of t h e  f i xed  opening b .  
Prototype Valve 
A s  mentioned e a r l i e r  a  comparison of  
f l u c t u a t i n g  energ ies  measured by t h e  p re s su re  
t ransducer  i n  t h e  chamber of  t h e  pro to type  
valve d i d  n o t  c l e a r l y  i n d i c a t e  t h e  d i f f e r e n c e  
between c a v i t a t i o n  incept ion  o r  l i m i t e d  cavi-  
t a t i o n  and no c a v i t a t i o n  because of t h e  high 
l e v e l  of j e t  no ise .  The p o i n t s  shown on Fig .  
15 f o r  a  > 0 . 6  i l l u s t r a t e  t h e  d i f f i c u l t y  i n -  
he ren t  wi th  comparing s o l e l y  mean-square en- 
e rgy ,  while  t he  s p e c t r a  on Fig.  16a sugges t  
t h e r e  i s  no c a v i t a t i o n .  Only by comparing 
s p e c t r a ,  F ig .  16b, o r  normalizing t h e  spec- 
t r a l  dens i ty  wi th  t he  corresponding non-cavi- 
t a t i n g  s p e c t r a ,  Fig. 17: could t h e  presence 
of c a v i t a t i o n  be determined. The c r i t e r i o n  
f o r  i n c i p i e n t  c a v i t a t i o n  f o r  t h e  pro to type  
va lve  was def ined  a s  t h e  depa r tu re  of t h e  a r ea  
under t h e  normalized s p e c t r a l  dens i ty  curves 
versus c a v i t a t i o n  number from t h e  non-cavita- 
t i n g  value,  which usua l ly  va r i ed  from approx- 
imately 0.9 t o  1.1, depending upon which non- 
c a v i t a t i n g  t e s t  was chosen a s  t h e  r e f e r ence  
value. The va lue  of o i  was obta ined  from ex- 
panded vers ions  of Fig.  18 by i n t e r p o l a t i n g  
between the  i n t e r s e c t i o n  of t h e  ex t r apo la t ed  
curve on t h e  c a v i t a t i n g  l e g  of  t h e  p l o t  and 
t h e  non-cavi tat ing h o r i z o n t a l  l i n e .  Various 
c r i t e r i a  y i e lded  d i f f e r ences  i n  t h e  i n c i p i e n t  
c a v i t a t i o n  number of only 0.005 t o  0.01. The 
r e s u l t s  of two s e r i e s  of t e s t s  a t  v i r t u a l l y  
t he  i d e n t i c a l  va lve  opening and nea r ly  t h e  
same range of  flow r a t e s  (7-13 gpm) a r e  shown 
i n  Fig. 22. The only d i f f e r e n c e  i n  t h e  two 
s e r i e s  was t h e  o i l  temperature,  which r e s u l t e d  
i n  a  s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  range of 
Reynolds numbers. 
DISCUSSION OF RESULTS 
The c r i t e r i a  of c a v i t a t i o n  incep t ion  em- 
ployed i n  t h i s  i n v e s t i g a t i o n  corresponds t o  a  
few, b u t  unknown number, of c a v i t a t i o n  events  
during t h e  50 ensemble averages taken  over  t h e  
sampling period.  S ingle  bubble formation i n  
t h e  t r anspa ren t  model could no t  be  observed 
under t he se  condi t ions .  I n  f a c t ,  t h e  
o Model 0.106 
.Model 0.211 
e Prototype 0.142 
Fig.  22 I n c i p i e n t  c a v i t a t i o n  index versus 
Reynolds number f o r  model and 
pro to type  va lves  
c a v i t a t i o n  index corresponding t o  t h e  forma- 
t i o n  of a  s e r i e s  of bubbles around t h e  annulus 
was approximately 0.18 l e s s  than t h e  values 
shown on Fig.  22. Even a  des inen t  c a v i t a t i o n  
number def ined  a t  t h e  condi t ion  of t h e  elim- 
i n a t i o n  of a l l  v i s i b l e  bubbles was 0.10 
smal le r  than t h e  corresponding va lues  of a i  
depic ted  on Fig .  22 .  Because of t h e  smallness  
of t h e  bubbles,  t h e  high j e t  v e l o c i t y ,  and t h e  
apparent ly  few c a v i t a t i o n  even t s ,  bubbles a t  
t h e  condi t ion  o i  a r e  d i f f i c u l t  t o  observe.  
For t h e  range of va lues  of d i sso lved  a i r  
content  p r e sen t  i n  t h i s  s tudy  t h e r e  was no ap- 
pa ren t  e f f e c t  of h y s t e r e s i s  on o i .  The c r i t i -  
c a l  a i  d i d  n o t  appear t o  depend upon whether 
t h e  downstream p re s su re  was be ing  decreased o r  
increased .  For d isso lved  a i r  con ten t  a t  t h e  
two extremes experienced i n  t h e  i n v e s t i g a t i o n  
-- 4.5 and 9 -0 pe rcen t  -- t h e r e  was no appar- 
e n t  d i f f e r e n c e  i n  u i  nor  c a v i t a t i o n  no i se  over  
t h e  e n t i r e  range of t h e  c a v i t a t i o n  index. 
Evidently t h e  low res idence  time of t h e  bub- 
b l e s  i n  t h e  j e t  and va lve  chamber precluded 
any s i g n i f i c a n t  e f f e c t  o f  gaseous c a v i t a t i o n .  
Even f o r  t h e  lowest  values of  t h e  c a v i t a t i o n  
number experienced by t h e  model va lve ,  t h e  
bubbles disappeared a s  t h e  flow l e f t  t h e  down- 
s tream p o r t ,  sugges t ing  t h e  presence of only 
vaporous c a v i t a t i o n .  
Although t h e  accelerometer  mounted on t h e  
end of  t h e  spool  of  t h e  pro to type  va lve  was 
n o t  q u i t e  a s  s e n s i t i v e  t o  t h e  o n s e t  of cav i t a -  
t i o n ,  i t  proved t o  be  q u i t e  a  good i n d i c a t o r  
of  t h e  l e v e l  of c a v i t a t i o n  once incep t ion  oc- 
curred.  A s  t h e  c a v i t a t i o n  index was lowered 
toward o i l  a s  represented  by Fig.  1 4 ,  t h e r e  
was a  very gradual  i nc rease  i n  t h e  f l u c t u a t i n g  
a c c e l e r a t i o n  l e v e l s ,  making t h e  formula t ion  of  
a  c r i t e r i o n  of c a v i t a t i o n  i ncep t i on  on t h e  
b a s i s  of  t h e  acce le rometer  q u i t e  d i f f i c u l t .  
The low l e v e l  response on t h e  acce le rometer  
f o r  o  > o i  is  a t t r i b u t e d  t o  mechanical e f -  
f e c t s  caused by t h e  method u t i l i z e d  t o  vary 
o  -- t h e  o p e r a t i o n  of  downstream va lve s .  
No a t t emp t  was made t o  measure t h e  s i z e  
of f r e e  n u c l e i  i n  t h e  o i l ,  a l though  t h e  h igh  
p r e s s u r e  f i l t e r  l i m i t e d  t h e  abso lu t e  s i z e  of 
any contaminant  t o  3  pm. Because of  t h e  con- 
t i n u a l  f i l t e r i n g  o f  t h e  t e s t  l i q u i d  t h e  n u c l e i  
s i z e  and d i s t r i b u t i o n  probably d i d  n o t  vary 
much from tes t  t o  t e s t ,  a s  was ev iden t  from a  
comparison of  energy s p e c t r a  from t e s t  s e r i e s  
t o  t e s t  s e r i e s  a t  t h e  same cond i t i ons .  A s  
shown by t h e  d a t a  on F ig .  6  f o r  two d i f f e r e n t  
t empera tures  t h e r e  i s  an apparen t  v i scous  e f -  
f e c t  on t h e  non -cav i t a t i ng  energy s p e c t r a .  
S ince  c a v i t a t i o n  i n c e p t i o n  i s  a f f e c t e d  by t h e  
l e v e l  o f  t u rbu l ence ,  a s  shown by Arndt [ l 4 , l 5 ] ,  
t h e  v a r i a t i o n  of  o i  w i th  Reynolds number 
shown i n  F ig .  22 can be  d i r e c t l y  c o r r e l a t e d  
wi th  t h e  non -cav i t a t i ng  f l u c t u a t i n g  energy 
shown i n  F ig .  6 .  The d a t a  of McCloy and Beck 
[3] i n d i c a t e  a  s i m i l a r  t r e n d  o f  a i  ve r su s  R 
f o r  two two-dimensional models. The i r  i n c i p i -  
e n t  c a v i t a t i o n  index  was based on t h e  a u r a l  
d e t e c t i o n  o f  t h e  i n i t i a l  p resence  of a  sha rp  
c r a c k l i n g  sound. For  t h e  range o f  Reynolds 
numbers t h e  c r i t i c a l  va lue s  of  o i  r epo r t ed  by 
McCloy and Beck 131 a r e  0.05 t o  0.10 lower 
than  t h e  cor responding  ones p l o t t e d  on Fig.22, 
however. Perhaps t h e  c r i t e r i o n  employed i n  
t h i s  i n v e s t i g a t i o n  corresponds t o  a  s m a l l e r  
number of  c a v i t a t i o n  even t s  a t  a i .  The e f -  
f e c t  of  v i s c o s i t y  on c a v i t a t i o n  i n c e p t i o n  i s  
a l s o  e v i d e n t  i n  t h e  r e s u l t s  of  Back6 and 
Riede l  [5 ]  and R i ede l  [ 6 ] ,  who e v i d e n t l y  de- 
f i n e d  i n c e p t i o n  a t  t h e  c o n d i t i o n  of  t h e  
change i n  t h e  d i s cha rge  c o e f f i c i e n t  of  an 
o r i f i c e ,  o r  a  s i t u a t i o n  corresponding t o  
wider  sp r ead  c a v i t a t i o n .  Noise d a t a  t aken  by 
Rouse [161 w i t h  a  wa t e r  j e t  i s s u i n g  from a  
nozz le  y i e l d e d  a i  = 0.55 from a  p l o t  of n o i s e  
versus  a .  I n t e r m i t t e n t  b u r s t s  o f  n o i s e  were 
observed f o r  va lue s  o f  o a s  h igh  a s  0 .7 ,  how- 
ever .  Obviously,  t h e  c r i t e r i o n  employed f o r  
c a v i t a t i o n  i n c e p t i o n  i s  somewhat s u b j e c t i v e .  
CONCLUSIONS 
Changes i n  flow p a t t e r n  and j e t  o r i e n t a -  
t i o n  i n  t h e  chamber of  spoo l  va lves  can be  
sensed  by high-frequency response  p r e s s u r e  
t r an sduce r s  s t r a t e g i c a l l y  p laced .  Under non- 
c a v i t a t i n g  c o n d i t i o n s  j e t  n o i s e  can f r e -  
quen t l y  b e  d i r e c t l y  c o r r e l a t e d  w i t h  t h e  va lve  
opening and flow r a t e .  For  t h e  Reynolds num- 
b e r s  t e s t e d  i n  t h i s  s t udy  t h e r e  i s  a  d e f i n i t e  
e f f e c t  o f  v i s c o s i t y  on p r e s s u r e  f l u c t u a t i o n s  
emanating from a  t u r b u l e n t  non -cav i t a t i ng  j e t .  
The e f f e c t  o f  d i s s o l v e d  gas  con t en t  on 
c a v i t a t i o n  i n  spoo l  va lve s  is  minimal i f  t h e  
gas  con t en t  does n o t  exceed :hat correspond- 
i n g  t o  a tmospher ic  cond i t i ons .  
High-frequency response  p r e s s u r e  t r a n s -  
ducers  are  good d i a g n o s t i c  t o o l s  f o r  de tec-  
t i o n  of c a v i t a t i o n  i n c e p t i o n  and c a v i t a t i o n  
i n t e n s i t y ,  wh i l e  a  high-f requency response  
acce le rometer  is  a  s e n s i t i v e  i n d i c a t o r  of 
n o i s e  l e v e l s  under c a v i t a t i n g  cond i t i ons .  
The r a t i o  o f  c a v i t a t i o n  n o i s e  t o  non- 
c a v i t a t i n g  n o i s e  i s  g r e a t e r  a t  h ighe r  f r e -  
quencies  than  a t  lower f r equenc i e s ,  e s p e c i a l l y  
i f  t h e r e  i s  a  d i r e c t  i n f l uence  of j e t  no ise .  
C a v i t a t i o n  i ncep t i on  can b e  i d e n t i f i e d  
most e a s i l y  by ( a )  comparison of  au to  power 
s p e c t r a  and (b )  r a t i o  of  c a v i t a t i n g  s p e c t r a  t o  
non -cav i t a t i ng  s p e c t r a  f o r  t h e  same t e s t  con- 
d i t i o n s .  
For  t h e  range of d a t a  p resen ted  i n  t h i s  
paper  t h e  c r i t i c a l  c a v i t a t i o n  number i s  a  
f u n c t i o n  of t h e  Reynolds number. 
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